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PC workstation with a wall screen), a motion tracking device and the dedicated software for editing 3D-scenarios in a learning-by-imitation rehabilitation process with a virtual teacher. Therapists set the virtual scenarios characteristics and the motor training complexity to match each patient's motor impairment and rehabilitation protocol, set the starting position, target location and orientation, designed simple/complex tasks, added or removed non-pertinent virtual objects (distractive elements) to increase/reduce the task level of difficulty, recorded trajectory of the desired movement to be (re)learned by the subject, with the virtual teacher visible or hidden as advisable. The degree of motor impairment or recovery and the attained levels of autonomy in daily living activities were measured by the Fugel-Meyer (FM) UE score and the Functional Independence Measure scale (FIM) before and after the therapy, and by means of kinematic measures such as the movement morphology and mean duration and speed. Improvement was observed in the FM UE and FIM mean scores (with 15% and 6% increases, respectively) and in the movement mean duration (18%) and speed (23%), with better regularity of trajectories. Improvements do not appear to have been influenced by age, time since stroke or site of brain damage, as already noted in previous studies (Jeffery & Good, 1995; Johnston et al, 1992; Bagg et al, 2002; Tangeman et al, 1990; Dam et al, 1993) . Instead, the severity of impairment was crucial for the outcome and a severe initial impairment was more difficult to rehabilitate. Comparison between the degrees of recovery attained after standard or VR-reinforced learning in two randomly assigned post-stroke patient groups (Turolla et al, 2007) showed significantly increased FM UE scores in all 30 patients, but improvement was greater after VR-supported therapy. The different outcome was ascribed, at least in part, to the feedback information about knowledge-of-results and knowledge-of-performance provided by the system (Todorov et al, 1997; Schmidt & Young, 1991; Winstein et al, 1996) and to the reinforced learning provided by the VR-based rehabilitation approach (Barto, 1994; Doya, 2000; Fagg & Arbib, 1992; Rummelhart et al, 1986) .
VR in the lower limb motor rehabilitation
Several VR applications were designed to recover efficient walking in patients with lower limb motor impairment after stroke (Deutsch et al, 2002 and Deutsch et al, 2004) . Fung, et al. (Fung, et al 2004 , 2006 , performed studies on gait training by using a treadmill mounted on a 6-degree-of-freedom motion platform with a motion-coupled VR environment. The system provided the unique feature of simulated turning within the environment; also provided auditory and visual cues as positive/negative feedback. Subjects were required to wear 3D stereo glasses to visualize the virtual environment. Test results from this project demonstrated improved gait speed with training. More recently, Mirelman et al. studied the effects on impaired gait kinetics of robot-assisted rehabilitation with or without VR support (Mirelman et al, 2007) . Subjects in the two subgroups were trained with the same exercises; requested movements were inversion and eversion, dorsiflexion and plantar flexion, or combinations of these. A motion capture system was used to measure movements in association with a force-feedback system permitting navigation within a virtual environment displayed on a computer screen. Gait was estimated at baseline, one week after the training session, and three months after end of the therapy. Feedback information was provided directly by the system to the patients treated in the VR setting and by the therapist to those undergoing rehabilitation withouth VR support. Both groups improved, but patients treated with VR support did better, with increased ankle strenght at the end of treatment and at follow-up. Patients undergoing robotic-assisted rehabilitation without VR support reported fatigue earlier.
Park and colleagues (Park et al, 2007 ) developed a VR system for motor rehabilitation with a PC camera and two markers of movement in a very simple virtual scenario with a crossingstepping stone task. The success rate in 9 hemiplegic patients with stiff-knee gait after stroke was computed as the ratio of successful trials to the total gait cycles, with a ~30% improvement after treatment.
VR and telemedicine: the upper limb tele-rehabilitation
VR settings are usable in the transfer of available occupational treatments to a platform for rehabilitation at home, with remote control by therapist. Broeren and coworkers have emphasized the reduced labor, logistics and costs of the state-of art web-based video/audio systems for telemedicine and tested their protocol in a case study, with VR associated to the haptic force feedback necessary for VR object manipulation. The hand fine dexterity and grip improved after treatment (Broeren et al, 2002) . More recently, Trotti and colleagues proposed VR-supported training as an integration of the conventional rehabilitation protocols (Trotti et al, 2009 ). They used kinematics indexes (such as movement execution time and precision) and validated clinical scales, such as Nine-Hole Peg Test (NHPT) (Mathiowetz, 1985) , Frenchay Arm Test (FAT) (Heller, 1987) , Medical Research Council (MRC) (Florence, 1992) , Motricity Index (MI) (Bohannon, 1999) , and the Motor Evaluation Scale for Upper extremity in Stroke Patients (MESUPES) (Van de Winckel, 2006) to measure the upper limb impairment in a patient with stroke before and after therapy with VR-supported upper limb rehabilitation. Kinematic analysis and most clinical scales (MRC of fingers, MESUPES and NHPT time, but not MI and FAT) showed a decrease in movement execution time and increase in precision, with improved muscle strenght and movement control (Trotti et al, 2009 ). VR-mediated telerehabilitation was further investigated (Piron et al, 2009 ) by comparing two groups (18 subjects each) of patients with stroke treated for four weeks by a VR-assisted rehabilitation program operated through Internet or by conventional therapy. Motor impairment was assessed one month before, at the beginning and end of therapy, and one month later by means of the Fugl-Meyer Upper Extremity (FM EU), Abilhand (Penta et al, 2001) and Ashworth (Bohannon & Smith, 1987) scales. The setting included a virtual teacher showing the correct trajectories as set by the therapist in association with the patient's actual movement. The knowledge-of-performance was provided via videoconference. No differences were observed when comparing the assessments one month before and at beginning of therapy, but both groups improved after therapy and the improvement was evident also one month after the end of therapy. The FM UE showed better recovery for patients treated through VR-based telerehabilitation.
Systems and applications 4.1 Systems and applications for VR-supported upper limb rehabilitation
A VR system purported to measure the impairment in speed, strength, fractionation and range of fingers movements was designed to be distributed over three sites connected via Internet (for rehabilitation, data storage and data access, respectively) (Boian et al, 2002) . At the rehabilitation site, the system featured a workstation and two sensing (cyber and haptic) gloves; the data storage site organized the information acquired during the VR-supported rehabilitation; open access to data was through Internet. An algorithm was implemented to increase or decrease according to the achieved performance the difficulty of the target task. The system was tested in a pilot study on 4 patients with stroke. A screen provided the patients with knowledge-of-results and performance (feedback) through a transparent hand representing the target and numerical scores about the trial execution. Trained patients achieved various degrees of improvement, with a good retention in gains and a positive evaluation of the system both by patients and therapists. A virtual tabletop environment for the upper limb rehabilitation after traumatic brain injury was developed (Wilson et al, 2007) to measure the residual function and kinematic markers like speed, precision, distance, accuracy of targeting. The system was innovative because flexible, automated, and relatively inexpensive, with components specifically designed to be user-friendly: LCD panels easy to carry and reducing the set-up time were favored; the virtual environment was displayed on the LCD panel placed horizontally on a tabletop surface, and users could interact with the system by moving sensing-objects over it; knowledge of results was provided to the patient via another LCD panel. Distractive elements appeared on the LCD to increase or decrease the task difficulty. Low-cost implements, such as commercial game controllers and marker tracking were used. Wilson and coworkers suggested that psychometric measures should be preferred in the future and predicted broad application in assessing movement impairment after stroke and ischemic or traumatic brain damage or in movement disorders (e.g. Parkinson or Huntington's diseases). Therapy WREX (T-WREX) was designed by Reinkensmeyer and Housman (2007) for the hand and arm rehabilitation after stroke to make rehabilitation possible also in the absence of the therapist, with exercises mimiking the daily living activities in VR environment and a feedback information procedure. The system featured a passive gravity-balancing orthosis based on the Wilmington Robotic Esoskeleton (WREX) (Rahman et al, 2007) , a hand grip sensor and the software needed for VR and performance evaluation, but was not a robotics/VR integration because WREX assisted patients only against gravity and by elastic bands. It focused on the retraining of function on a plane, therefore displaying the movement on the plane of interest. The system bypassed the problems of 3D complexity, but limitated the movements to be relearned. Most patients nevertheless found T-WREX less boring than conventional therapy and their progress during rehabilitation easier to track. Reiteration of motor training by T-WREX reduced motor impairment (as measured by the Fugl-Meyer scale) in a preliminary randomized controlled study (Reinkensmaeyer & Housman, 2007) .
Low-cost and open source systems for VR-supported tele-rehabilitation
Interest on tele-rehabilitation as a possible alternative to the traditional treatment of inpatients in hospital increased in recent years with the increment of costs and commitment by the private and public healthcare. Sugarman and colleagues assumed it is impossible for the therapist to monitor patients performing rehabilitation at home, emphasized the therapist's role in motivating the patient and the need of efficient communication between the therapist and patients at any time and place, including home (Sugarman et al, 2006) . Approaches combining VR and mechanical devices for rehabilitation (Fasoli et al, 2004; Coote & Sokes, 2005; Broeren et al, 2004; Reinkensmeyer et al, 2002; Jadhav & Krovi, 2004) appear encouraging, but the systems specifically developed for these purposes have high costs. In alternative, Sugarman and colleagues adopted a commercial feedback joystick in association with a specifically designed armrest and a PC with Internet connection. Their proposed VR solution could be operated in two different modes: stand-alone or cooperative. In the former, patients exercised at home without Internet connection; in the latter, the patient and therapist were online and the therapist could monitor and tutor the patient performing.
Open-source tools stand as inexpensive alternatives to promote the development of userfriendly, customized VR systems for rehabilitation and are being tested. Riva and colleagues proposed NeuroVR, a cost-free software platform based on open-source available solutions ). The platform allows users with no technical background to easily interface with the virtual environment and modify the scenario according to the specific needs; 2D and 3D objects may be selected from a database and incorporated into the virtual environment by a user-friendly graphical interface; therapists can supplement the database with pictures of persons or objects belonging to the patient's real life and suitable as stimuli or stressors. A further improvement of NeuroVR ) was the integration with the open-source software CamSpace aimed at developing a cost-free system overcoming some operational limits related to the joypad, mouse or keyboard use. A further extention was CamSpace 7, through which patients can interact with the virtual environment simply by hand or body movements and allowing design both motor and balance rehabilitation exercises (Weiss Tamar et al, 2004) . NeuroVR is also in use in the treatment of a variety of conditions, including obesity , alcohol abuse (Gatti et al, 2008) , anxiety disorders (Gorini & Riva, 2008a,b) , and in the rehabilitation of cognitive impairment (Morganti et al, 2007) .
VR-based systems for sensory, cognitive and behavioural rehabilitation
The traditional protocols for cognitive-behavioural rehabilitation are mostly based on imaginary or in-vivo exposure; the Virtual Reality Exposure Therapy (VRET) is an altered form of behavioral therapy and may be a possible alternative to standard in vivo exposure, for example in the therapy of anxiety disorders (Krijn, 2004) . VR allows immersive or semiimmersive interaction with virtual environments incorporating suitable stimuli, therefore reducing the limits of representing real tools to brain damaged subjects unable to chategorize . VR systems are today in use in the management of patient with stroke, to support cognitive rehabilitation by providing logopaedic help and reducing the somatic effects of paresis though a multi-sensorial brain stimulation approach (Probosz et al, 2009 ). Marusan and colleagues (Marusan et al, 2006) and other groups (Rose et al, 1998; Tomasino & Rumiati, 2004) suggested the use of mental rotation paradigms (Shepard & Metzler, 1971) in VR neuro-rehabilitation setting, with extention to the brain injured of the use of mental images that is critical in cognitive tasks involving memory, reasoning and problem solving in everyday life (Zacks et al, 1999; Podzebenko et al, 2005) . Marusan and coworkers main goal was to develop a VR-based technical solution for neurorehabilitation of traumatic brain injury (TBI) patients; their secondary goal was ease of use for the patient at home via common technical supports such as PC, mouse and keyboard devices to be available anywhere and anytime without special equipment (3D glasses, gloves, suits, etc) requiring expert help. Koenig and colleagues (Koenig et al, 2009 ) proposed a VR approach to assess the patient's performance in tasks of way-finding and in the training of spatial orientation skills in brain injured patients. Several standardized outcome measures were used: Money Road-Map Test (Money et al, 1965) , Zoo Test (Wilson et al, 1996) , Object Perspective Taking Test (Kozhevnikoy & Hegarty, 2001) , Virtual Reality Navigation Task, Real-World Navigation Task, Santa Barbara Sense of Direction Scale (Hegarty et al, 2002) , Mental Rotation Task, Card Rotation Task, and Surface Development Task (Ekstrom et al, 1976) . Complexity was increased with the protocol and subject's progressing in order to promote generalization of regained abilities, with the addition of naturalistic features or constraints (e.g. locked doors or detours) and varying conditions of illumination. Performance was evaluated as navigation errors, timing and orientation behaviour.
Interactive multimodal rehabilitation may enhance the efficacy of cognitive rehabilitation after cerebrovascular brain injury. Salva and co-workers (Salva et al, 2009 ) have developed a novel Mixed Reality (MR) approach reportedly promoting neural plasticity. An evolution of classical VR merging and overlapping virtual and real environments, MR creates an augmented reality without losing contact with the real setting and preserving sensory feedback and interaction without any requirement for adaptation. The Mixed Reality Rehabilitation System (MRRS) was meant to avoid crucial problems in the traditional therapy such as the limitations in resources and decreasing levels of participation and interest. Pilot studies seem to indicate remarkable potentialities in neurorehabilitation though MR, mostly by allowing patients to interact with and experience both the virtual scenario and the real world (Standen and Brown, 2005) . Also based on Augmented Reality tools is GenVirtual (Correa et al, 2007) , a musical game helping patients in colors and sounds memorization tasks. The approach proved acceptable to the patient with cognitive deficits and useful in rehabilitation, inexpensive and applicable to integrate standard rehabilitation in hospital as well as at home.
Comment
VR stands as a potentially useful tool for diagnosis, therapy, education and training. Application in neuro-rehabilitation is still unsystematic and limited, yet there is evidence supporting its applicability in a variety of paradigms that can allow the patients avoid the real world challenges in a secure environment and to freely explore, experiment, feel, live and experience feelings and thoughts. Motor rehabilitation has been applied in patients with acquired brain injury with some success, but application in the rehabilitation of these subjects' cognitive deficits remains unsystematic and its potentialities appear high but still undocumented. The differences among studies in the design, procedures for data acquisition and analyses, and criteria of admission do not allow a direct comparison of the efficacy of different VR setups. VR is a new tool for upper limb stroke rehabilitation, but evidence about its efficacy is still regarded as weak to moderate (Henderson, 2007) . Application of VR procedures in the rehabilitation of the upper limb emphasizes the lack of agreed criteria to assess the kinetics and kinetic impairment in neurology and these limitations are only in part compensated for by the motor scales in use in neuro-rehabilitation (Lucca, 2009) . The training conditions to be favored in the clinical practice and/or in research on large populations therefore remain unidentified. Systematic neuroimaging research is today mandatory for the cortical functional re-arrangement to be correlated in full detail with the neurorehabilitation clinical effects irrespective of the applied rehabilitative procedures. It would allow document the cortical functional damage as well as the efficacy of training. In this prospective, today's limits in the long-term efficacy of VR rehabilitation procedures may challenge physicians, physiatrists, psychologists and bio-engineers without questioning the potentialities of the approach. Rehabilitation needs to be intensive over long periods of time and requires dedicated staff, resources and logistics. The duration of the rehabilitation effects after discontinuing VR training is crucial and should be determined in controlled follow-up studies, which remain unsystematic to date. This discrepancy contrasts with the increased availability of advanced and limited-cost technologies and the need for reliable criteria to help define cost/benefit ratios and priorities in private and public health facilities. VR would also mediate between the therapist's and the real world and is forseen as possibly promoting the patients' earlier Gait training by using a treadmill mounted on a 6-degree-offreedom motion platform with a motion-coupled VR environment. Auditory and visual cues as positive/negative feedback.
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Augmented Reality: a musical game helping patients in colors and sounds memorization tasks. Probosz et al, 2009 Stroke VR systems support cognitive rehabilitation by providing logopaedic help and reducing the somatic effects of paresis though a multi-sensorial brain stimulation approach. Koenig et al.,2009 Brain injury VR approach to assess the patient's performance in tasks of way-finding and in the training of spatial orientation skills. discharge from hospital and transfer to programs for rehabilitation at home, with improved quality of life and clinical outcome. In general, the scenario would motivate research to achieve widespread application, possibly by making home rehabilitation under remote control a realistic option and by extending VR use to the computer or technology illiterate.
